Abstract: Precision and accuracy estimation is an important index used to reflect the measurement performance and quality of a measurement system. To reveal the significance and connotations of the precision and accuracy estimation index of a close-range photogrammetry system, several common precision and accuracy estimation methods used in close-range photogrammetry are explained from a theoretical perspective, and the mechanism of the internal coincidence precision estimation and the external coincidence accuracy estimation are deduced, respectively. Through detailed experimental design and testing, the validity and reliability of the proposed precision and accuracy estimation methods are verified, which provides strong evidence for the quality control, optimisation, and evaluation of the measurement results from a close-range photogrammetry system. At the same time, it has significance for the further development of precision and accuracy estimation analysis of close-range photogrammetry systems.
Introduction
The most reliable way to evaluate or estimate the measurement accuracy of a measurement system is to use an experimental method, that is, to compare the measured results with true values (control points) directly; however, in this close-range photogrammetry project, if a sufficient number of high-precision control points are deployed, it will take time and effort, and this is not an easy task, therefore, in practical work, the error theory analysis method is used to evaluate the accuracy of the measurement system [1] . One of the methods is to use the law of error propagation to derive the measurement precision according to the functional relationship between the evaluated unknown parameters. Another method is to calculate the measurement precision of the adjustment according to the law of variance-covariance propagation in statistics after photogrammetric bundle adjustment, which is an important method in the evaluation of the performance and accuracy of the measurement system. Therefore, there are many kinds of evaluation indices used to characterise the measuring accuracy of ameasurement system, such as the internal conforming method for estimation of measurement adjustment precision and measurement repeatability precision, and the external conforming method for external checking of accuracy, and so on. The above two methods of precision evaluation are divided based on the differencesin comparison standard used. The most probable value of the adjustment estimate for comparison standard is the internal coincidence precision, commonly known as precision, using the standard deviation. The external reference value for comparison standard is called external coincidence accuracy, which is generally called accuracy, and uses the root mean square of error (RMSE) [2, 3] : however, in most of the literature, there is not much difference between the two methods in actual use. Here, we mainly study three methods for estimating the measurement precision and accuracy of single-camera close-range photogrammetry.
Since the close-range photogrammetry system is divided into a dual(multi)-camera photogrammetry system and a single-camera photogrammetry system, the above internal coincidence precision estimation method, and external coincidence accuracy estimation method, are all suitable for single-camera and dual(multi)-camera photogrammetry systems; however, in view of the object and characteristics of the experiment, only the precision and accuracy estimation of single-camera photogrammetry system are analysed and tested.
Accuracy and Precision Estimation Method

Internal Coincidence Precision Estimation
Variance-covariance propagation law method
If the self-calibration bundle adjustment of the global solution is used to calculate the adjustment of the measured data [4] , the covariance matrix of all its adjustment parameters can be obtained when the unknown parameter correction is obtained. Therefore, according to the meaning of the matrix element in the covariance matrix and the mean square error of unit weight in adjustment calculation, the mean square error of each parameter can be obtained, and the precision estimation of each parameter in adjustment can be realised.
According to the correction results of three types of unknown parameters (measured object points, camera external parameters, and camera internal parameters) in the global solution of the bundle adjustment [4] , the relationship between the coefficient matrix of the normal equation and the cofactor matrix of three unknown parameters is as follows: From the diagonal element values of the matrix (2), the precision estimates of the parameters in the adjustment can be obtained, that is, The estimated precision of the measured object points is:
The estimated precision of the camera external parameters is:
The estimated precision of the camera internal parameters is:
According to this method, the precision estimates of all the unknown parameters in the bundle adjustment can be obtained at one time: however, if the point-by-point elimination method is used in bundle adjustment, the precision estimates of the measured object points (or camera external parameters) and the camera internal parameters can also be obtained. The precision estimates of the camera external parameters (or the measured object points) can be obtained by the same method in space resection (or forward intersection).
The actual measurement accuracy of the obtained values is lower than that of the theoretical estimation when using this precision estimation method. The main reason lies in the fact: (i) the adjustment observation value is generally regarded as an independent random observation value in practical measurement application for the simple calculation, but the adjustment observed value is related in theory and in practice; (ii) the theoretical basis of the error propagation law requires that the measurement error in the adjustment is a random error from the normal distribution thereof, so when the system error compensation in the adjustment system is not complete, the actual measurement precision will be lower than the estimated precision of the adjusted measurement [5] .
Repeatable measurement precision method
In actual close-range photogrammetry, the precision of the measurement system is usually evaluated by the repeatable measurement precision of the internal coincidence. It evaluates the working state and performance of the close-range photogrammetry system by multiple repeated measurements of the measured object points, that is to say, under the same measurementconditions; the same object is repeatedly measured. To ensure the validity and reliability of the measurement results, the precision of repeatable measurement is calculated by investigating the consistency between measurements, so as to evaluate the actual working precision and the stability of the measurement system.
In close-range photogrammetry, the method of checking the repeatability precision of the measurement system is generally as follows: under the same measurement conditions, the camera internal parameters remain unchanged and the measured object point is fixed in the short-term, and the same object points are measured using the same camera with the same measuring geometric network for m times. If the self-calibration bundle adjustment was used in subsequent calculations, the coordinates of the measured object points (repeated m times) were
, where m is the number of repeat measurements, n is the number of measured object points), then to transform the object point coordinates of repeated measurement into a unified coordinate system by common points (coded targets) [6] , and the RMS of the difference between the measured results of the measured same object points for any two times (for example, the K and H times) can be obtained., that is the precision of coordinate repeatability measurement of the photogrammetry system, as shown in (3) to (5): 
K and
H times, respectively.
According to the law of combination of errors, the RMS error of a 3-d point location can be obtained from:
Equations (3) to (6) give the RMS errors between any two repeated measurements, and we took the average as the final result (
P RMS
If the precision of any two measurements is the same, the internal coincidence accuracy of the single measurement result of the measurement system can be obtained by the law of error propagation, such that:
In fact, when only random errors were contained in the observed values of the processing of photogrammetric adjustment, the repeated measurement precision of the internal coincidence is consistent with the actual measurement accuracy. However, if large systematic errors, or even gross errors, were contained within the observed values during data-processing, the repeated measurement precision of the internal coincidence is generally higher than that in practice. Therefore, when the internal coincidence precision of the obtained measurement results is high, the actual measurement accuracy is not necessarily high, but if the internal coincidence precision of the obtained measurement results is low, it reflects the fact that the actual measurement accuracy of the measurement system is low.
External Coincidence Accuracy Estimation
The accuracy of external coincidence is a more objective, truer, method of accuracy evaluation, which is generally obtained by comparing the measurement results from the measurement system with the higher precision external check conditions.
In close-range photogrammetry, the external checking conditions are generally used in a certain number of redundant controls, including redundant control points, or relative geometric control conditions. The absolute coordinates of the control points obtained by the measurement system with high accuracy (such as a high-accuracy double theodolite system, high-grade photogrammetry system, coordinate measuring machine (CMM), laser tracker, etc.) are regarded as true values, and then the coordinate results obtained by close-range photogrammetry are compared with them, and the median errors of coordinate errors can be obtained by statistical analysis and calculation. The relative geometric control condition between redundant measurement points is a relatively simple and objective test method. The most common method is to use the length measured by a dual-frequency laser interferometer or calibrated multiple scale-bars as the control conditions for geometric length, and the comparison of the measured length is then possible.
The internationally recognised accuracy test standard VDI/VDE Guideline 2634 Part1 for close-range photogrammetry systems is a set of accuracy testing guidelines issued by Association of German Engineers/Association for Electrical, Electronic & Information Technologies in 2002, and certified by ISO 10360-2 [7] [8] [9] [10] . In VDI/VDE Part 1, the measurement accuracy of a close-range photogrammetry system is evaluated by measuring the length of seven calibrated scale-bars set in the cube frame. Then the measurement accuracy of the measurement system is evaluated by comparing with the actual measurement length of these scale-bars.
Due to the limited test conditions, the test of the external accuracy of the close-range photogrammetry system could not be completed by using the standard accuracy test field of the VDI/VDE Guideline 2634 Part 1, however, according to the existing conditions, other methods were used here to test, and verify, the external accuracy of the close-range photogrammetry system as described below.
Fraser Precision Estimate
In a close-range photogrammetry system, the most flexible and accurate close-range photogrammetry system mode is a three-dimensional coordinate measurement based on a single-camera and multiple images. This can enhance the intensity of geometric structure of the whole space in the measurement area by freely, and flexibly, regulating the distribution of the camera station, so that the precision of the bundle adjustment can be optimised. The automatic identification and matching of the coded targets, the precise stitching of the images, the high-precision algorithm for locating the centre of the target images, and a suitable camera calibration technology, etc., allowed the theoretical measurement accuracy of the model to reach 1 part in 100,000 of the maximum length of the measured object [11, 12] , or even higher. Therefore, in the practical application of three-dimensional coordinate measurement with a single-camera and multiple images in close-range photogrammetry, to improve the measuring accuracy of measurement system, we will consider the optimisation of the spatial distribution of the camera station relative to the measured object [4] : because the measurement accuracy of the three-dimensional coordinates of the measured object points is also related to the geometric structure of the spatial network in the measurement area, which mainly includes the spatial geometric relationship of the target points, the camera station position, the shooting distance, the camera focal length, and so on, are important. Therefore, under the constraint of the imposed correlation conditions, Fraser gives another precision estimation formula for the three-dimensional coordinates of the measured object points [13] [14] [15] [16] [17] [18] :
where XYZ  is the standard deviation of the three-dimensional coordinates of the measured object points, q is the intensity factor of the spatial geometric structure in photogrammetry, which generally varies from 0.4 to 0.8 with the strength of the spatial geometric structure, S is the average scale number of the image, usually using the ratio of the average distance of photography to the focal length of the camera, n is the number of images per station, and in single-camera multi-image photogrammetry, the general value of n is 1, xy  is standard error (precision) of image coordinate measurement.
Testing, Results and Discussion
Aiming at the precision estimation methods of the close-range photogrammetry system, the measurement accuracy of the close-range photogrammetry system is tested and verified.
Precision Test and Estimation of Internal Coincidence
The relationship between the coefficient matrix of the normal equation and the covariance matrix of three kinds of unknown parameters is directly used in the variance-covariance propagation method based on self-calibration bundle adjustment, and the accuracy estimates of the three classes of unknown parameters are calculated by combining the posterior mean square error of unit weight which is simple and intuitive. Therefore, only the test and results of repeatable measurement precision of the internal coincidence are given here.The precision test of repeatable measurement was carried out in the indoor three-dimensional verification field of Zhengzhou Chenway Technology Co., Ltd, China. The object of the test is the fixed three-dimensional verification frame in laboratory (Figure 1(a) ), on which there are about 1250 retro-reflective targets (RRT), and the range is about 3m×2m×0.6m.
To test and verify the precision of repeatable measurement of the close-range photogrammetry system, an INCA3 camera (S/N:30307a+) photogrammetry system (GSI Co., USA) and a CIM-1 (S/N:1081010001) camera photogrammetry system (Zhengzhou Chenway Technology Co., Ltd) were selected separately in the test, and used to take pictures of the three-dimensional calibration frame,respectively. At about 3m in front of the calibration frame, nine stations were evenly selected for shooting (Figure 1(b) ), and four photographs were taken in each position, the camera was rotated by 90° between each photograph, and a total of thirty-six photographs were taken. Each camera measurement system took three sets of photographs, which were processed by bundle adjustment. To obtain the repeatability measurement precision of each set of measurement system, the results of each set of measurements are converted by the use of common coded targets. The test results are shown in Tables 1 and 2 . The test results in Tables 1 and 2 show that the measurement precision of the CIM-1 camera photogrammetry system matched that of the INCA3 camera photogrammetry system within the range of about 3m, with a precision of about 0.018mm. The relative measurement precision is about 1:200,000, and the point position precision of a single measurement is about 0.013mm.
Accuracy Test and Estimation of External Coincidence
The accuracy estimation of external coincidence of close-range photogrammetry system can be carried out by coordinate alignment method and standard length method.
Standard length method
A certain number of RRTs are pasted on the support of the air-floating motion platform of the dual-frequency laser interferometer with high-precision measurement performance. With the movement of the air-floating platform of the dual-frequency laser interferometer, the corresponding RRT on the support at different positions form a ''reference ruler" similar to that used during high-precision calibration. Then it is compared with the corresponding length of the ''reference ruler'' measured by the close-range photogrammetry system to evaluate the external coincidence accuracy of the close-range photogrammetry system. The uncertainty of the length measured by the dual-frequency laser interferometer is 0.1μm+0.1μm/m.
A certain number of RRTs are pasted on the air-floating platform support and at its different positions (Figure 2) .To facilitate statistical analysis of the measurements, eight target points were affixed to the support of the air-floating platform, and the target points numbered A1 to A8 in Figure 2 were set as the point numbers at the original position 1 when the air-floating platform was not moving. When one stage in the photogrammetry process ends the air-floating platform moves from position 1 to position 2, the corresponding target point numbers are changed to B1 to B8. At the same time, in another photogrammetric stage, the air-floating platform moves from position 2 to position 3, and the corresponding target point numbers are changed to C1 to C8. Therefore, from Figure 2 , it can be seen that the distances moved by the air-floating platform can be accurately measured by the dual-frequency laser interferometer, so the distance from Ai to Bi and Bi to Ci (i=1, ..., 8) are also the lengths as accurately measured by the dual-frequency laser interferometer, respectively. The length from Ai to Bi is regarded as the ''scale-bar'' in the data processing of close-range photogrammetry, and is recorded as L1. The length from Bi to Ci is regarded as a ''standard length'', and is recorded as L2, which is used as the test scale for external conformance accuracy. Of course, the air-floating platform can also move into multiple positions, and we can record its travel distance as a ''scale-bar'' when data processing is used, or it is used as a verifiable ''standard length''. To evaluate the measurement performance of the CIM-1 (S/N:1081010001) camera photogrammetry system, four groups of experiments were carried out in the National Institute of Metrology by using the standard length method. The experimental results are shown in Table 3 . From the experimental results listed in Table 3 , we can see that the measurement performance of the CIM-1 photogrammetry system is good and the measurement accuracy is relatively high. The difference between measurement value and the standard length is no more than 0.007mm, and the smallest difference is only 0.001mm.
Coordinate comparison method
The measurement accuracy of V-STARS system based on INCA3 camera is 5μm+5μm/m, therefore it offers high measurement accuracy and has been widely accepted in the industry. To understand the measurement performance of other photogrammetry systems, the external coincidence accuracy of the camera measurement system can be evaluated by comparing the two sets of deviation statistical results of the same measured target points after coordinate transformation between the two photogrammetry systems. Therefore, from the law of error propagation, it can be shown that: Similarly, to evaluate the measurement performance of the CIM-1 (S/N:1081010001) camera photogrammetry system, the aforementioned coordinate comparison method is used. Three groups of experiments were carried out in the photogrammetry system verification laboratory using the CIM-1 and INCA3（ S/N: 30307a+） camera photogrammetry systems, respectively. The experimental results are shown in Table 4 . The experimental results listed in Table 4 show that the It can be seen that the relative measurement accuracy is 1:102,857, which shows that the CIM-1 camera photogrammetry system also provides good measurement accuracy.
Fraser Precision Test and Estimation
To verify the correctness of Fraser accuracy estimation, an experimental method was used: a carbon-fibre paraboloid antenna with a diameter of about 1.2m was used as the measured target, and about 230 RRTs were placed on the antenna (Figure 3(a) ). We take twenty images of the measured object at a distance of about 1.5m from the measured target using the Chenway S36 camera, and the photographing station distribution is as shown in Figure 3(b) . The main parameters of the camera are: a focal length of 24.5mm, a resolution of 7360pixels × 4912pixels, and a single pixel size of 4.9μm. First, formula (7) is used to estimate the accuracy, and some parameters are selected according to the actual measurement, such as q=0.8; S can be calculated from the shooting distance of 1.5m and the camera focal length of 24.5mm; the value of n is 1, and the measurement accuracy of the image coordinates is about 0.04pixels according to the experimental statistics. By inserting these values into formula (7), we find that
Then, five groups of photographs were taken according to the experimental requirements, and the data were processed by bundle adjustment. The results are shown in Table 5 . Table 5 , we can see that the accuracy of the synthetic position of three-dimensional coordinates of the measured object is about 0.011mm by taking the actual photograph and using bundle adjustment. It can be seen that the precision estimation results obtained by the two methods are consistent, so the accuracy, and validity, of the Fraser precision estimation are verified by actual, measured data.
Conclusions
We have verified the suitability of the precision and accuracy estimation method of a close-range photogrammetry system. Initially, three methods for the precision and accuracy estimation method of a close-range photogrammetry system were considered: one involved the precision estimation of the internal coincidence, another, the accuracy estimation of the external coincidence, and the other the Fraser precision estimate.
After experiments on different targets and different scenes, it was found that the precision and accuracy estimation methods for a close-range photogrammetry system were suitable (to a certain extent). First, the precision estimation of internal coincidence is simple, fast, and highly-automated: this can be used to estimate the precision of a measurement system for various measured objects and measuring environments. However, the accuracy estimation of external coincidence is more objective and persuasive, but it depends on certain specialised instruments and equipment, such as a dual-frequency laser interferometer, and so on. Therefore, the realisation, and application, of external coincidence accuracy estimation have certain limitations. In addition, Fraser precision estimation also requires some known parameters, but it can be used as an auxiliary reference for the other two precision estimation methods.
These methods have their own characteristics and advantages, and they have been used to evaluate the quality of measurement results for a suitable measurement object and in a range of environments.
